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Abstract.  Acetylcholine receptors (AChRs) are packed 
in the postsynaptic membrane at neuromuscular junc- 
tions at a density of ~20,000/gm 2,  whereas the densi.ty 
a  few micrometers away is <20/lxm  2.  To understand 
how this remarkable distribution comes about during 
nerve-muscle synapse formation, we have attempted to 
isolate factors from neural tissue that can promote the 
accumulation of AChRs and/or alter their distribution. 
In this paper we report the purification of a polypep- 
tide from chick brains that can increase the rate of in- 
sertion of AChR into membranes of cultured chick 
myotubes at a concentration of <0.5 ng/ml. Based on 
SDS PAGE and the action of neuraminidase, the 
acetylcholine receptor-inducing activity (ARIA) 
appears to be a 42,000-D  glycoprotein. ARIA was 
extracted in a  trifluoroacetic acid-containing cocktail 
and purified to homogeneity by reverse-phase, ion ex- 
change, and size exclusion high pressure liquid chro- 
matography. Dose response curves indicate that the 
activity has been purified 60,000-fold compared with 
the starting acid extract and ~l,500,000-fold compared 
with a  saline extract prepared from the same batch of 
brains.  Although the ARIA was purified on the basis 
of its ability to increase receptor incorporation, we 
found that it increased the number and size of receptor 
clusters as well. It is not yet clear if the two effects 
are independent. 
The 42-kD ARIA is extremely stable:  it was not 
destroyed by exposure to intact myotubes, low pH, 
organic solvents, or SDS.  Its action appears to be 
selective in that the increase in the rate of receptor in- 
sertion was not accompanied by an increase in the rate 
of protein synthesis. Moreover, there was no change in 
cellular, surface membrane, or secreted acetylcholin- 
esterase.  The effect of ARIA is apparently independent 
of the state of activity of the target myotubes as its 
effect on receptor incorporation added to that of maxi- 
mal concentrations of tetrodotoxin. 
LECTROPHYSIOLOGICAL  and ¢t-bungarotoxin-(tl-BTX)  ~ 
binding  studies  have  shown that motoneurons in- 
fluence the number and distribution of acetylcholine 
receptors  (AChR) in developing myotubes. The density of 
receptors at newly formed synapses in vivo and in vitro is 
three to tenfold greater than the density in the extrasynaptic 
membrane, and this difference is evident within a few hours 
after nerve-muscle contact is first established (see reviews 
by Fischbach et al.,  1979; Fambrough,  1979; Cohen,  1980; 
Steinbach and Bloch, 1986). Two mechanisms have been im- 
plicated in the formation of synaptic clusters. In Xenopus 
myocytes, aggregation of mobile receptors  present in the 
membrane before nerve-muscle contact plays the major role 
(Anderson et al., 1977; Kuromi et al., 1985). Receptor aggre- 
gation also contributes to synaptic clusters on chick myo- 
1. Abbreviations  used in this paper: tt-BTX, ¢t-bungarotoxin; ACh, acetyl- 
choline;  ACHE, acetylcholinesterase;  AChR,  acetylcholine  receptors; 
ARIA, acetylcholine  receptor-inducing  activities;  BSS, Hanks  balanced 
salt solution; DTT, dithiothreitol;  HFBA, heptafluorobutyric acid; HPLC, 
high  pressure  liquid  chromatography;  TFA,  trifluoroacetic  acid;  TTX, 
tetrodotoxin. 
tubes, but in this system new receptors,  inserted after the 
nerve arrives, make up 60-80%  of the total during the first 
24 h (Role et al., 1985). Both aggregation and insertion con- 
tribute  to  postsynaptic  clusters  in  rat  muscle  as  well 
(Ziskind-Conhaim et al.,  1984). 
Little information is available about factors that might trig- 
ger the postsynaptic response. Some evidence that neurons 
release receptor-inducing factors capable of diffusing over 
short distances was obtained in chick muscle cultures that 
contained one or more slices of embryonic spinal cord (Co- 
hen and Fischbach,  1977). Myotubes near the slices  (ex- 
plants) were four to five times more sensitive to inotophoreti- 
cally applied acetylcholine (ACh),  and they bound more 
p25I]ct-BTX than myotubes located further away in the same 
culture dish. The number of  AChR clusters was also dramati- 
cally increased on peri-explant myotubes. Similar observa- 
tions were made in rat spinal cord-L6 myotube cultures (Pod- 
leski et al.,  1978). Studies of dissociated spinal cord and 
peripheral ganglion cells and nerve cell lines suggest that 
the ability to induce receptor clusters may be unique to cho- 
linergic neurons  (Cohen and Weldon,  1980; Role et al., 
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O'Lague,  1975), so the possibility that ACh is the inducing 
agent must be considered. However, synaptic clusters form 
in the presence of saturating concentrations of competitive 
receptor antagonists  (Cohen,  1972; Anderson and Cohen, 
1977; Rubin et al., 1980), so the induction cannot be a direct 
consequence of ACh binding to the nicotinic receptor or the 
subsequent ionic currents that underlie synaptic transmission 
and muscle activity. 
Several investigators have, therefore, begun to search for 
receptor-inducing factors in tissue  extracts (Jessell et al., 
1979; Podleski et al.,  1978; Markelonis et al.,  1982a;  Buc- 
Caron et al., 1983; Nitkin et al., 1983; Godfrey et al., 1984) 
or nerve cell-conditioned medium (Christian et al.,  1978; 
Schaffner and Daniels, 1982; Bauer et al., 1981). The general 
strategy has been to add test fractions to uninnervated myo- 
tubes in culture and then, after an interval, to measure the 
number of receptors and/or the number of receptor clusters. 
As noted above, both phenomena probably contribute to the 
formation of synaptic clusters.  A  variety of sources have 
been used and different types of myotubes have been assayed 
in different ways, so relations between the various factors are 
not yet clear. It should be possible to compare these factors 
when they are purified to homogeneity or when specific anti- 
bodies are raised and tested in the various assays.  In the ab- 
sence of additional information, we shall refer to all factors 
that alter the number or distribution of AChRs as acetylcho- 
line receptor-inducing activities (ARIAs). 
Earlier work in this laboratory showed that saline extracts 
of  embryonic  or  adult  chick  brains  produced  a  dose- 
dependent increase in the number of AChRs and the number 
of receptor clusters on cultured chick myotubes (Jessell et 
al., 1979). When extracts were added to the cultures daily for 
4 d beginning on the fourth day after plating, the maximum 
increase in receptor number amounted to three to fourfold. 
Some degree of tissue specificity was evident in that saline 
extracts prepared from heart, liver, or cultured fibroblasts 
did not alter AChR number or distribution.  Moreover, the 
effect of brain extract on AChR did not seem to be part of 
a general improvement in the formation or health of the myo- 
tubes: there was not a large change in total protein and the 
activity of the cytoplasmic enzyme creatine kinase did not 
change at all.  Saline brain extract did increase the level of 
acetylcholinesterase (ACHE) activity to about the same de- 
gree as it increased receptor number. This is of interest be- 
cause the enzyme appears at developing nerve-muscle syn- 
apses soon after receptors begin to accumulate. 
Our initial attempts to characterize the size of chick brain 
ARIA by gel filtration indicated that saline extract contained 
low  and  high  molecular  weight  species.  Acetic  acid  or 
HC1/acetone extracts  of chick brain  contained  ,,040%  as 
much activity as saline extracts, and most of the acid-soluble 
activity appeared to be <5,000 D in size. Subsequent experi- 
ments  (Buc-Caron et  al.,  1983)  showed that  chick brain 
ARIA  could  be  extracted  in  the  trifluoroacetic  acid 
(TFA)-containing extraction cocktail described by Bennett et 
al. (1978), and that this material also appeared to be small. 
TFA-soluble ARIA  was  retained  on  a  hydrophobic resin 
(Cis),  and it could be partially purified by reverse-phase- 
high pressure liquid chromatography (HPLC). In this second 
series of experiments, a single addition of crude extract or 
partially purified fractions was found to produce a measurable 
effect after only 5 h and a larger effect after 24 h if added on the 
seventh day rather than the fourth day after plating. In addi- 
tion, active fractions increased the rate of receptor insertion 
into the surface membrane as well as the total number of 
receptors. This was expected as the increase in receptor num- 
ber is not associated with a decrease in the rate of receptor 
degradation (Jessell et al.,  1979; Buc-Caron et al.,  1983). 
We have modified the acid extraction protocol and have de- 
veloped techniques for measuring the rate of receptor inser- 
tion in myotube microcultures. The rate assay provided a 
more sensitive and reproducible index of ARIA after rela- 
tively brief exposures than did assays of the total number of 
receptors. We have also developed several additional chro- 
matographic procedures and report here the complete puri- 
fication of an ARIA that can increase the rate of receptor 
incorporation into myotube membranes severalfold at con- 
centrations  <1  ng/ml.  It  also  promotes  the  formation of 
receptor clusters, but it does not appear to alter the activity 
or synthesis of ACHE. Contrary to our expectation, the chick 
brain ARIA recovered is a rather large (42,000 D) glyco- 
protein. 
Materials and Methods 
Muscle Cultures 
Mononucleated cells were dissociated from pectoral muscles of 10-12-d-old 
chick embryos (El0) as previously described (Buc-Caron et al., 1983). To 
reduce the number of fibroblasts, the cells were suspended in complete 
medium and plated in uncoated 100-ram tissue culture dishes (Falcon Lab- 
ware, Oxnard, CA) for 30 rnin at 37°C. Unattached cells were collected and 
plated in gelatin-coated, 96-well Micro Test culture plates (Falcon Labware) 
at a density of 50,000/well  in 100 I~l of Eagle's minimal essential medium 
supplemented  with horse serum (10% vol/vol), glutamine (1 raM), penicillin 
(50  U/ml),  streptomycin (50  ltg/ml), and ovotransferrin (40  lxg/mi).  As 
reported by others (Ii ¢t al., 1982; Oh and Markelonis, 1982), we found that 
ovotransferrin could replace chick embryo extract in supporting myoblast 
proliferation and myotube survival. 
The cells were fed with 100 gl of medium on days 3 and 5.  On day 7 
they were fed with 60 ~tl of medium or 50 ~tl of medium plus 10 ltl of a 
test fraction, and the number of  AChRs was measured 24 h later (see below). 
Aliquots of column fractions to be assayed were dried in a Speed-Vac cen- 
trifuge (Savant Instruments, Inc., Hicksville, NY) and redissolved in com- 
plete  medium.  Samples  that  contained  nonvolatile  material  were  first 
desalted on Sep-Pak Cms cartridges (Waters  Associates Millipore Corp., 
Milford, MA).  Samples containing <1  ng of protein were supplemented 
with 10 Ixg BSA. 
AChR Binding  Assay 
To measure the number of surface AChRs the cells were incubated in com- 
plete medium containing 5 nM [u51]a-ffl'X for 1 h at 37°C. The cells were 
washed twice by immersing the plates in 1 liter Ca++-fre¢ Hunk's balanced 
salt solution (BS$) containing 2 % BSA and then solubilized in 150 gl of 
1 N  NaOH containing sodium deoxycholate (0.5 mg/ml). The amount of 
[12sI]a-BTX bound was determined with a  gamma counter (model  1191; 
Tracor Atlas, Inc., Houston, TX). Four wells were used for each data point. 
Nonspecific binding, taken as the amount of [125I]a-BTX bound in the 
presence of 10  -7 M unlabeled a-B'rX, was subtracted in each case. 
The rate of incorporation of  AChRs into the surface membrane was deter- 
mined as described by Devreotes and Fambrough (1975). All receptors ex- 
posed on the muscle surface were blocked with unlabeled ¢t-BTX (10  -7 M 
for 1 h at 37°C). The cells were washed thoroughly, returned to the incuba- 
tor in 100 gl of fresh medium, and the number of new toxin binding sites 
was assayed with [mI]ct-BTX at various intervals thereafter. 
¢-BTX was iodinated by the chlorarnine-T-catalyzed reaction (Hunter 
and Greenwood, 1962), and monoiodinated  derivatives were purified by size 
exclusion (Sephadex G-10; Pharmacia Fine Chemicals, Inc., Piscataway, 
NJ) and cation exchange (CM-Sephadex; Pharmacia Fine Chemicals) chro- 
matography (Vogel  et al.,  1972). The specific activity of monoiodinated 
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¢t-BTX, ranged between 800 and 1,200 cpm/frnol in different preparations. 
AChR Clusters 
To facilitate  microscopic  examination  of AChR  clusters,  myoblasts were 
plated  on collagen-coated polystyrene covcrslips  cut  out to fit  in  the 96-well 
plates. In some experiments, the cells  were treated  with I0  -5 M  cytosine 
arabinoside for 48 h between the third  and fifth  day after  plating. 
Receptor clusters  were visualized with rhodamine-derivatized  ct-BTX 
prepared by the method of  Ravdin and Axelrod (1977).  Myotubes were ex- 
posed to a  I:I00 dilution (in complete medium)  of rhodaminc-derived 
a-BTX for 60 rain at 37°C, conditions which, judging from inhibition  of 
]t251]ct-BTX binding, labeled >90%  of the AChR.  After the cells were 
washed and fixed  (4% formaldehyde in  BSS), the coverslips  were mounted 
on glass slides  in 90% glycerol/10% PBS (pH 8.0). 
The cells  were examined with a Leitz Ortholux 11  microscope equipped 
with phase-contrast and epifluorescencc optics, a 100-W mercury arc light 
source, rhodamine-selectivc filters  (N2 cube; excitation  filter  =  530-560 
urn,  barrier  filter  = 580 nm), and a 63x objective  (1.4  NA Plan Ncofluor). 
AChR clusters  were quantitated  in  two ways. First,  relatively  large  clusters, 
>5 tim  across,  were counted on 20-50 myotube segments that  crossed a ma- 
jor axis  of the visual field.  In the second method, small as well as large 
clusters  were counted in digitized  TV images. A  silicon-intensified  target 
camera (model 65; Dagc-MTI Inc.,  Wabash, MI) was connected to  a Grin- 
nell Image Processor  (model GMR/270;  Comtrol-3M  Image Processing 
Systems, Pasadena, CA) that  digitized  the image in a 512 × 512 pixel  army 
with 8 bits  of intensity  information. The image processor was interfaced 
with a PDP 11/44  computer (Digital  Equipment Corp., Marlboro, MA) and 
operated by Image, a high level  language written  by  J.  Voyvodic (Washington 
University Department of Anatomy and Ncurobiology,  St. Louis, MO). 
Healthy myotubes that spanned the field  of view were selected under 
phase-contrast illumination  and outlined  with the aid of  a digitizing  tablet. 
The intensity  of  all  pixels  within the outline  was measured under fluores- 
cence illumination,  and background values (obtained  with  the  mercury light 
source switched off)  were subtracted. Finally,  the number of pixels  above 
the preset  threshold was counted and stored.  The threshold was selected  to 
include  all  pixels  within identifiable  clusters  and  to  exclude fluorescence  due 
to  diffusely  distributed  (cxtracluster)  receptors.  At  the  beginning of  each ex- 
periment, the gain of the silicon-intensified  target  camera was set so that 
the brightest  clusters  fell  well below the upper limit  of  the irnngc  processor. 
AChE 
AChE activity was determined using a modification of the method of John- 
son and Russel (1975) as described by Rotundo and Fambrough (1980a) and 
Brockman et al. (1982). Either 50 or 100 ltl of 0.3 mM [3H]ACh (sp act = 
5  Ci/mmol; Amersham Corp., Arlington Heights, IL)  in 0.1  M  sodium 
phosphate (pH 7.0) was added to washed cultures kept on ice. After 15- 
60 min the reaction was stopped by addition of 100 Ixl of a solution contain- 
ing 1 M monocholoroacetic  acid, 2 M NaCI, and 0.5 M NaOH. The mixture 
was transferred to counting vials, 4  ml of scintillation cocktail (100 ml 
isoamyl alcohol,  900 ml toluene, 4  g  2,5  diphenyloxazole, plus 50 mg 
p-bis(2-[5-phenyloxazdyl])-benzene/liter), was added and the radioactivity 
was determined in a liquid scintillation counter (model LS3100;  Beckman 
Instruments, Inc., Fullerton, CA). Less than 10%  of the esterase activity 
was inhibited by  10  -5  M  tetraisopropylpyrophosphoramide (Augustinns- 
son, 1963),  suggesting that nearly all of the hydrolysis was due to ACHE. 
Surface esterase activity  was  determined by  adding  the  substrate to 
washed intact cells. To determine total cellular AChE activity, Triton X-100 
(0.5%)  was  added  along  with  the  substrate (Rotundo  and  Fambrough, 
1980a).  Secreted esterase was collected in medium that was treated with 
10  -7 M diisopropylfluorophosphate for 3 h at 37°C at least 5 d before use. 
In some experiments the rate of reappearance of AChE activity was mea- 
sured after irreversibly inactivating the enzyme with 10  -4 M diisopropyl- 
fluorophosphate or 10  -6 M echothiophate (4°C,  15 min), a quaternary am- 
monium derivative that does not cross the surface membrane (Rotundo and 
Fambrough,  1980a;  Brockman et al.,  1982). 
Protein Determination 
At early stages of the purification, protein was measured by Paterson's 
modification (paterson, 1977) of the Lowry method. At later stages when 
the total mass was small, protein was estimated from the ultraviolet (UV) 
absorbance trace.  The  chromatograph,  monitored at  210  urn,  was pho- 
tographically enlarged and the area under the peak of interest was integrated 
with a digitizing tablet. Known amounts of lysozyme and BSA were chro- 
matographed under the same conditions and the areas under the OD traces 
used to construct a standard curve. As little as 5 ng of protein could be de- 
tected in this manner. 
The effect of  brain extracts on muscle protein was estimated by measuring 
the incorporation of [3H]leucine  into IU.A-precipitable material. After a 
2-h pulse or after a 24-48-h incubation, the cells were washed (2 liters BSS- 
BSA),  extracted  twice  for  5  min  each  time  with  ice  cold  15%  TCA 
(100 gl/well), and solubilized with 150 I~1 DOC/NaOH.  After addition of 
100 ltl 3 N HC1 and scintillation cocktail (RPMI 3a70),  radioactivity was 
determined by liquid scintillation spectrometry. 
Chromatography 
The HPLC system consisted of two Altex model ll0a pumps, a model 421 
controller, and a Hitachi model 100-40 variable wavelength spectrophotom- 
eter  (Beckman Instruments Inc.,  Altex Scientific Operations,  Berkeley, 
CA). Two 2-ml stirred mixing chambers were connected in series after the 
3-ml mixing chamber supplied with the system to minimize baseline noise 
at high sensitivity. Solutions were prepared with MiUi-Q-purified H20 and 
HPLC  grade  reagents:  acetonitrile and 2-propanni (Burdick &  Jackson 
Laboratories Inc., American Hospital Supply Corp., Muskegon, MI); TFA 
and heptaltuorobutyric acid (Pierce Chemical Co., Rockford, IL); phos- 
phoric acid (Fisher Scientific Co.,  Pittsburgh,  PA).  All  solutions were 
passed through 0.2 gm nylon filters (Rainin Instrument Co. Inc., Woburn, 
MA)  and  degassed  before  use.  Column  fractions  were  collected  in 
siliconized glass tubes or in polypropylene tubes. 
Gel Electrophoresis 
SDS  PAGE  was  performed with  a  slight  modification of the  standard 
Laemmli discontinuous Tris-glycine buffer system (Laemmli, 1970). Dried 
samples were dissolved in buffer containing 1% SDS, 10 mM Tris (pH 6.8), 
10 mM dithiothreitol (DTT), 30% glycerol, and 0.01% bromophenol blue 
and heated in a boiling water bath for 3 min. 
Proteins in highly purified fractions were labeled with mI in an iodo- 
gen-catalyzed reaction (Salicinski et al., 1981) and detected by autoradiogra- 
phy after SDS PAGE. Care was taken to minimize contaminants. Solutions 
were prepared with Milli-Q water, and all buffers were passed through SCp- 
Pak  cartridges.  Fractions dried in polypropylene microfuge tubes were 
redissolved in 20 gl of buffer (0.1 M Na phosphate [pH 7.4] 0.1% SDS) and 
transferred to tubes containing 1 lag of dried iodogen to which 1 Ixl (100 I~Ci) 
[uSI]Na  was added. After 10 min at room temperature, the reaction was 
stopped by transferring the solutions to tubes containing 10 mM DTT and 
10 mM NaI. Partially purified brain extract (10-20 gg) was added as carrier, 
and the reaction mixture was absorbed on a Sep-Pak cartridge equilibrated 
in 0.1% TFA. The cartridge was washed with 50 ml of 0.1% TFA, and then 
eluted with 3 ml 0.1% TFA containing 40% 2-propanol. After electrophore- 
sis, the gels were fixed (15% TCA, 3.4% sulfosalicylic acid, and 20% meth- 
anol), washed thoroughly, and exposed to Kodak X-AR5 film for 12-72 h 
at  -90°C using a DuPont Lighting Plus intensifying screen E. I. DuPont 
de  Nemours  &  Co.,  Inc.,  Sorvall  Instruments  Div.,  Newton,  CT). 
~*C-Methylatext proteins (Amersham Corp. and Searle Medical Products, 
Dallas,  TX)  used  as  molecular  weight  markers  were:  phosphorylase 
(Mr 92,000), BSA (Mr 68,000),  ovalbumin (Mr 45,000),  carbonic anhydrase 
(Mr  31,000),  and lysozyme (Mr  14,000).  In some experiments, purified 
fractions were labeled by the method of Bolton and Hunter (1973). 
In some experiments the activity was eluted from SDS gels. Samples 
were dissolved in a denaturing solution lacking DTT and heated at 37°C for 
15 min. The lane containing the activity was cut into 12 equal segments and 
each one was placed in a Spectrapor 2 dialysis bag. 2 ml of  the dialysis buffer 
(25 mM Na phosphate [pH 7.0]) was added to each bag and they were dia- 
lyzed at 4°C for 24 h against 4 liters of  phosphate buffer and then for another 
24 h against 4 liters of 10%  acetic acid. 
Extractions 
Saline extract was prepared at 4°C as previously described (Jessell et al., 
1979). Briefly, adult chick brains were homogenized in 3 vol of Pucks' saline 
G with a Polytron (Brinkman Instruments Co., Westbury, NY). The homog- 
enate was centrifuged at 3,000  rpm (sorvall SS34 rotor; E.I.  DuPont de 
Nemours & Co., Inc., Sorvall Instruments Div.) for 10 min and the superna- 
tam was centrifuged again at 15,000 rpm for 30 min in the same rotor. The 
extract was stored at  -90°C. 
To prepare acid extract 500 frozen chicken brains (1.5 kg wet weight) 
were crushed in dry ice and delipidated by grinding in acetone (2 ml/g) at 
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New Hartford, CT). The slurry was collected on filter paper (No. 54; What- 
man Chemical  Separation Inc.,  Clifton,  NJ),  washed with diethylether 
(-20°C), and stored at -900C. Subsequent steps in the extraction were per- 
formed at 4"C. The material was divided into thirds for ease of handling 
and homogenized in the blender in a total of 6 liters of extraction cocktail 
containing: 2% TFA, 1 N HC1, 5% formic acid, 0.1 M NaC1, 0.01% thio- 
diglycol, 1 lag,/ml each of pepstatin, leupeptin, and phenylmethylsulfonyl 
fluoride, and 10 mM EDTA. After centrifugation at 6,000 rpm for 60 min 
in a GSA rotor (E.I. DuPont de Nemours & Co., Inc., Sorvall Instruments 
Div.) the supernatant was filtered through Whatman No. 54 filter paper. The 
6 liters of extract was poured in three equal batches through 100 ml of oc- 
tadecylsilylsilica resin (C18) (removed from a  Prep-Pak column,  [Waters 
Associates, Millipore Corp.] and packed in a Buchner funnel) equilibrated 
in 0.1% TFA. Each batch was washed with 500 ml of 0.1% TFA, and mate- 
rial bound to the resin was eluted with 150 ml of  2-propanot (40 %  ) plus 0.1% 
TFA (60%). The three batches were pooled, organic solvent was removed 
by rotary evaporation, and the extract was brought to pH 7.0 with 0.1  N 
NaOH.  A precipitate that formed on neutralization was removed by cen- 
trifugation. 
The neutralized extract was applied to a CM-Sephadex column (C-25 
resin; 5  x  6.5 era) equilibrated in 50 mM Na phosphate (pH 7.0), washed 
with 500 ml of the same buffer, and eluted with 500 ml of 0.5 M NaCl in 
the same buffer.  The eluate contained 130 mg of protein. No activity ap- 
peared in flow through fractions. 
Results 
The Assay 
By  using  high  specific  activity  [t2~I]ct-BTX (800-1,200 
cpm/fmol), we were able to measure the rate of insertion of 
AChRs in microwell cultures seeded with only 50,000 cells. 
Because of their small volume, the microwells allowed us to 
assay small aliquots of many column fractions in quadrupli- 
cate.  After all exposed receptors were blocked with unla- 
beled a-BTX, the number of [usI]ct-BTX binding sites in- 
creased linearly with time for at least 10 h (Fig. 1). Because 
the rate of incorporation was constant in both control and 
extract-treated cultures, we routinely estimated the rate by 
measuring the number of new receptors at one point, 4 h af- 
ter the cold toxin block. In many different platings the num- 
ber of receptors inserted per hour amounted to 3-5 % of the 
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Figure 1. The rate of AChR incorporation in control (open circles) 
and  ARIA-treated  (closed  circles)  myotubes.  Surface  receptors 
were blocked by incubating the cells in  10  -7 M  a-BTX for  l  h  at 
37°C. The number of new surface receptors was measured with 
[~25I]¢t-BTX at the indicated times thereafter. Each point repre- 
sents one culture well. ARIA was eluted from the semipreparative 
C4 column (see Fig. 2 legend). Pooled active fractions were added 
24 h earlier at 10 pg protein/ml. 
surface pool (see Devreotes and Fambrough, 1975). The up- 
per curve illustrates a typical threefold increase in the rate 
of  AChR incorporation produced by a partially purified brain 
extract (C4 pool, see below). 
Brain extract and purified fractions always produced  a 
larger effect (fold increase compared with control) on the rate 
of receptor insertion, than on the total number of surface 
receptors. This is the expected result considering that recep- 
tor degradation in chick myotubes is a first order process 
with a half-time of 20-25 h at 37°C. Thus, after the standard 
24-h incubation period as many as 50% of the surface recep- 
tors were present before ARIA was added. The number of 
receptors in control cultures varied significantly (up to two- 
fold) between platings, probably because small differences in 
the number of myoblasts plated and in the plating efficiency 
are magnified after 8 d.  However, variation in [125I]~t-B'I'X 
binding between wells within a plating was small (coefficient 
of variation <10%),  so we could detect effects as small as 
25%. 
Purification 
Most of the results described here were obtained from a sin- 
gle extraction of 500 chick brains. However, each of  the steps 
has been repeated at least 10 times and the entire protocol 
has been replicated three times. 
The acid extract was  desalted and chromatographed on 
CM-Sephadex as described in Materials and Methods. The 
0.5 M  NaCI eluate containing 130 mg protein was brought 
to pH 3.0 with TFA and pumped onto a semipreparative (1 
×  25 cm) Vydac C4 column. ARIA was retained on this hy- 
drophobic support and it appeared as a relatively broad peak 
when the column was eluted with a gradient of 2-propanol 
(Fig. 2 A). Attempts to complete the purification by reverse- 
phase-HPLC alone using a variety of supports and solvents 
were not successful. However, we found that ARIA could be 
separated from major contaminating species by cation ex- 
change HPLC. Therefore, after removing the 2-propanol and 
adjusting the pH to 7.0, the C4 pool was applied to a TSK- 
SP column equilibrated in 50 mM Na phosphate (pH 7.0) 
containing 15 % acetonitrile. Fig. 2 B shows that ARIA was 
separated from most of the UV-absorbing material when this 
column was eluted with a shallow NaC1 gradient. The same 
major peak of activity was observed in other runs in which 
all fractions up to 1.0 M NaC1 were assayed. The small peak 
of activity in fraction 30 was not observed in other experi- 
ments so it was  not investigated further.  The main ARIA 
peak eluted at higher NaC1 concentration when the pH was 
lowered to 5.0 but the recovery of  activity was reduced signif- 
icandy. 
The active TSK-SP pool was applied to an analytical (0.46 
×  25 cm) Vydac C~s column equilibrated with heptafluoro- 
bytyric acid (HFBA)  2 and eluted with a  35-50%  acetoni- 
trile gradient over 60 rain (Fig. 2 C). Although ARIA eluted 
as a sharp peak that was separated from most of the applied 
protein, it did not correspond to a discrete UV absorbance 
peak. The presence of several protein species in the HFBA 
2. The retention times of many peptides are increased and shifted with re- 
spect to one another in HFBA compared with TFA (Bennett et al.,  1981, 
1982) that was used with the preceding C4 column and with a subsequent 
C~8 reverse phase column.  HFBA was used early rather than in a  later 
stage of  the purification because it exhibits a higher OD at 210 nm than does 
TFA. 
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Figure 2. Early chromatographic  steps in the purification of ARIA. 
Each panel shows the UV absorbance (solid line), elution gradient 
(dotted line), and bioassay (hatched bars). Lines above the bars rep- 
resent SEs (n  =  4) and the arrows to the fight represent [125I]a- 
BTX  bound in control, untreated cultures.  (A)  Semipreparative 
reverse-phase  HPLC.  Pooled  fractions  from the  CM-Sephadex 
column were  pumped  onto  a  Vydac C4  (1  x  25-cm)  column 
equilibrated in 0.1% TFA. The flow rate was 2 ml/min, and 5-min 
fractions were collected. The bioassay used 0.002 % of each fraction 
per 60 pl assay well. Fractions indicated by the horizontal line were 
pooled. (B) Cation-exchange  HPLC.  The concentration of 2-pro- 
pranol in pooled fractions from A was reduced by vacuum centrifu- 
gation, and the remaining volume was neutralized by addition of 2 
vol 0.05 M  Na2HPO4 (pH  7.0) containing 15%  acetonitrile.  The 
pool was  then loaded onto a  TSK-SP  column (0.75  x  7.5  cm) 
(equilibrated  with the same buffer) in multiple 1.5-ml injections. 
The NaC1 gradient was run at 0.5 ml/min, and 2-min fractions were 
collected.  0.04% from each fraction was used per bioassay  well. 
(C)  Analytical reverse-phase  HPLC  in heptafluorobutyric  acid. 
Pooled fractions from B (horizontal line) were adjusted to pH 3.0 
with 1.0% TFA and loaded in 1.5-ml injections onto a Vydac CIs 
column (0.46  x  25 cm) equilibrated in 0.13% HFBA. The acetoni- 
trile gradient was run at 1 ml/min, 1-min fractions were collected, 
and 0.2%  of each fraction was used per assay well. 
Figure  3.  SDS  PAGE of radioiodinated HFBA 
pool material.  HFBA pool was labeled with 1251 
in an iodogen-catalyzed  reaction, and electro- 
phoresed  in a  10-18  % gradient polyacrylamide 
gel. 
pool was demonstrated by SDS PAGE after an aliquot was 
labeled with  1251. The autoradiogram  in Fig.  3  shows five 
bands ranging in molecular weight from <10,000 to ,~40,000. 
The same result was obtained with HFBA pools from two 
other extractions. 
Considering this range of sizes, aliquots of the HFBA pool 
were analyzed by gel filtration  HPLC.  Excellent resolution 
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Figure 4. Gel filtration HPLC of the HFBA pool (middle trace) and 
the C4 pool (lower trace).  The UV traces  are not shown.  Each 
point in the bioassay  represents  the  mean  +  SE  of four wells. 
Aliquots (100 pl) of each pool were applied to two TSK-3000 col- 
umns connected in series  (total dimensions 0.75 x  60 cm) equili- 
brated  in 0.1% TFA plus 30%  acetonitrile.  The flow rate was 0.5 
ml/min  and 1-min fractions were collect~xl. Protein standards, BSA 
(68,000), alpha-chymotrypsinogen (25,000), ribonuclease A (17,600), 
insulin  (7,000), and leutinizing  hormone-releasing  hormone (1,600) 
eluted under the same conditions are shown (upper trace). 
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Figure  5.  Reverse-phase  HPLC on C18 in TFA.  Active  fractions 
from the TSK-3,000 columns representing  half the 500 brain prepa- 
ration (see text)  were diluted  with an equal volume of 0.1% TFA 
and applied  to a "v~ydac  Ct8 column (0.46  x  25 cm). Initial condi- 
tions were 0.1% TFA plus 18% acetonitrile.  The column was oper- 
ated at 1 ml/min and monitored at 210 mn, 0.1 absorbance unit full 
scale. 2-min fractions were collected  and 0.4 % per assay well was 
used for the bioassay. Similar results were obtained with the second 
half of the preparation. 
was achieved when two TSK-3,000 columns were connected 
in series (0.75  x  60 cm overall dimensions), and equilibrated 
with 0.1%  TFA containing 30%  acetonitrile.  Although we 
expected  acid-soluble  ARIA  to  be  associated  with  small 
peptides  (Buc-Caron  et  al.,  1983),  Fig.  4  (middle  trace) 
shows that ARIA in  the  HFBA pool  eluted  between  BSA 
(M, 68,000) and alpha-chymotrypsinogen (M, 25,000).  The 
same result was obtained when material  from the C4 pool 
was applied to the columns (Fig. 4, bottom trace). Whereas 
it is unlikely that peptides aggregate in the acetonitrile/TFA 
solvent,  the  C4  and  HFBA  pools  were  also  chromato- 
graphed in  10%  acetic acid and, in some experiments,  they 
were preincubated in 6 M guanidine HCI. In no case did the 
activity shift to a lower apparent molecular weight. Based on 
these results,  the entire HFBA pool was concentrated from 
6 to 0.2 ml and applied to the TSK-3,000 columns in two sep- 
arate runs. ARIA eluted in the same position as it did in the 
pilot experiments. 
Finally,  active TSK-3,000 fractions  were diluted  with an 
equal volume of 0.1%  TFA and chromatographed on an ana- 
lytical  Vydac  Cis  column  in  0.1%  TFA  with  a  shallow 
acetonitrile  gradient  (Fig.  5).  The ARIA,  which eluted  at 
"~32 % acetonitrile, was associated with a small OD210 peak. 
No OD2~) peaks were observed when the buffer blank (frac- 
tions from the preceding TSK-3,000 column that contained 
no  activity  or  OD210 absorbing  material)  was  chromato- 
graphed under  the  same  conditions,  and monitored  at the 
same high sensitivity  (0.1  absorbance units full scale). 
Aliquots of Cls fractions  18, 23, 25,  and 31  were labeled 
with  125I in an iodogen-catalyzed reaction and analyzed by 
SDS PAGE.  Fraction 23, one of the most active fractions, 
contained a single band (Fig. 6). The band is centered at 42 
kD, but it is broad compared with standards run in the same 
gel. Although only approximate, this estimate based on elec- 
trophoresis  is  consistent  with the  size of the ARIA deter- 
mined by gel filtration.  Fraction 25, which showed a distinct 
Figure  6.  SDS  PAGE of se- 
lected  fractions from the Cis 
column shown in Fig.  5. Ali- 
quots  of the  indicated  frac- 
tions  were  radioiodinated  in 
an  iodogen-catalyzed  reac- 
tion,  and  applied  to  a  12% 
polyacrylamide gel. A signifi- 
cant amount of the applied  ra- 
dioactivity ran at the dye front 
in  this  and  all  experiments 
where small quantities  of pro- 
tein were iodinated. 
OD peak but very little activity, contained a labeled band of 
slightly  lower  mobility  than  the  band  of fraction  23.  No 
bands were detected in fractions 18 or 30. This is consistent 
with the flat OD trace, and it also demonstrates that the band 
detected in fraction 23 is not due to the presence of trace con- 
taminants.  Another aliquot from fraction 23 was iodinated 
with the  125I-Bolton-Hunter reagent.  Although this  reagent 
reacts primarily with lysine residues rather than the tyrosine 
residues labeled by free 1251, a single band at the same posi- 
tion was observed. 
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Figure 7. Recovery of ARIA from slices of an SDS-10% polyacryl- 
amide gel.  An aliquot of the C4 pool was heated  at 37°C  for 15 
min in sample buffer  (1%  SDS,  20 mM Tris  HC1 [pH 6.8] 30% 
glycerol) and  applied  to one  lane  of the  gel.  The  position  of 
Coomassie Blue-stained protein standards  (ovalbumin,  carbonic 
anhydrase,  alpha-chymotrypsinogen, and lysozyme) run in a sec- 
ond lane are indicated.  The AChR incorporation rate in wells that 
received dialyzed sample buffer (SB), a denatured and dialyzed but 
not electrophoresed  C4 sample (C), and a fivefold dilution  of that 
sample (C/5)  are shown at the right. 
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Figure 8.  Dose-response  curves  of saline  brain  extract  (open 
squares),  acid extract  (open triangles),  C4 pool  (open circles), 
HFBA pool  (solid  squares),  and the  final CIR pool (open dia- 
monds). The data, obtained from two different platings (solid and 
dashed curves), are plotted as the fold increase over control. Each 
point represents the mean  +  SE of four wells. 
Further  evidence that  the band  in  fraction 23  was  the 
ARIA was obtained by assaying material eluted by dialysis 
from SDS-polyacrylamide gel slices. In these experiments, 
the gels were loaded with material purified through the C4 
column (which was obtained in relatively high yield) because 
we expected the recovery of ARIA to be low.  After elec- 
trophoresis, activity was recovered from only one slice that 
corresponded to a molecular weight range of 35,000-45,000 
(Fig. 7). The same result was obtained in two other experi- 
ments. This dialysate represented *10% of the activity ap- 
plied to the gel. Control experiments showed that half of the 
activity was lost after exposure to SDS and subsequent dialy- 
sis without electrophoresis. 
Specific Activity and Recovery 
To estimate recoveries and the degree of purification we de- 
termined the dose-response relation of each of the active 
pools. One unit of activity was defined as the amount of ma- 
terial required for a half-maximal effect when dissolved in 
1 ml. Typical dose-response curves are shown in Fig. 8 and 
the results are summarized in Table I. Because of variation 
Table L Purification  and Recovery of 
AChR-inducing Activity 
Activity  Protein  Specific  activity 
U  mg  U/mg 
Saline extract*  24,000  24,000  1 
Acid extract  6,571  227  29 
CM-Sephadex  5,417  130  42 
C-4 HPLC  9,000  18  500 
SP IEC-HPLC  5,555  1.5  3,700 
C-18 (HFBA)  4,560  0.11  40,000 
C-18 (TFA)~  666  0.0004  1,700,000 
* Saline extract, prepared from 50 brains and expressed as per 500 brains. 
~: The protein content and specific activity of material eluting from the preced- 
ing TSK-3,000 gel-filtration  step were not determined, so these entries repre- 
sent net results from both columns. 
in  [125I]ct-BTX-binding between platings,  the data are  ex- 
pressed as fold increase over control. In this assay, saline ex- 
tract (open squares) and acid extract (open triangles) pro- 
duced less  than  the  maximal effect produced by purified 
samples.  A  submaximal  affect was  consistently observed 
with acid extract, and in most cases, higher concentrations 
produced an even smaller effect. The downturn may be due 
to an inhibitor present in relatively high concentration at this 
stage, but it was not investigated further. The C4 pool was 
the first stage at which inhibition at the highest concentra- 
tions did not occur.  3 
The acid extract was half-maximally active at 45 ~tg/ml. 
Compared with a saline extract of brain tissue, this repre- 
sents a 30-fold purification with 30 % recovery of activity. 
Only a 1.5-fold purification was achieved by CM-Sephadex 
chromatography, but this  step was  valuable because it re- 
moved pigmented material that bound tightly to the top of the 
resin. The active pool eluted from the semi-preparative C4 
column was half-maximally active at ~2 ~tg/ml. There was 
an apparent recovery from this column of >100%,  which 
probably reflects the removal of an inhibitor or a toxic sub- 
stance  (see  above).  Cation-exchange HPLC  and  reverse- 
phase HPLC on Cms in HFBA each increased the specific 
activity "~10-fold, and the pooled fractions produced half- 
maximal responses at 300 and 30 ng/mi, respectively. The 
recoveries in  each case were excellent.  Small aliquots  of 
the active fractions from subsequent steps did not contain 
sufficient protein to  measure  colorimetrically so we esti- 
mated the protein content from the UV absorbance trace (see 
Materials  and  Methods).  Taken  together,  the  TSK-3,000 
column and the final reverse-phase Cl8 column produced a 
40-fold increase in specific activity with 15 % recovery of ac- 
tivity. We did not estimate the protein concentration in TSK- 
3,000 column fractions, however, because the HFBA-con- 
raining  buffer blank  did  not  produce  a  fiat  OD210 trace. 
Hence we do not have a reliable measure of  the specific activ- 
ity or recovery obtained from this column. 
The net result is a 60,000-fold purification with respect to 
the acid extract and an apparent recovery of 10 % of the activ- 
ity. Compared with a crude saline extract, the specific activ- 
ity of ARIA is increased 1.7  x  106-fold  with a recovery of 
3%.  We estimate that the final Cls pool contains ~400 ng 
protein. Assuming a molecular weight of 42,000 this repre- 
sents *10 pmol. 
Characterization  of  the 42-kD ARIA 
As only 10 pmol of the pure polypeptide was obtained from 
the starting 500 brains, many of the experiments described 
below  were performed with  the  HFBA pool.  Comparing 
HFBA pool and TFA pool dose-response curves indicates 
that the 42-kD species represents <10% of the protein in the 
HFBA pool. On the other hand, the HFBA pool represents 
a  1,500-fold purification of ARIA present in the initial acid 
extract. The half-maximal concentration of the HFBA pool 
3. Because the earliest curves may have turned down for reasons unrelated 
to the ARIA, we assume that the maximal effect obtained with purified 
ARIA represents the maximum for the early curves as well. For example, 
in Fig. 8 the maximum effect was ,x,5.5-fold.  Therefore the protein concen- 
tration that resulted in a 2.75-fold increase in receptor insertion was assumed 
to be the half-maximal concentration in each case. Despite variation in the 
amount of toxin bound between platings,  half-maximal effects were ob- 
served at very similar concentrations of each pool from plating to plating. 
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with neuraminidase.  125 I-labeled material from fraction 23 of the 
final Cts column (A) and from the HFBA pool (B) were exposed 
to 0.1  U/ml neuraminidase  (purified from C. perfringens and ob- 
tained from Sigma Chemical Co., St. Louis, MO) in 0.1 M Na ace- 
tate (pH 5.5) for 2 h at 37°C. Left lanes, buffer alone. Middle lanes, 
buffer plus enzymes. Right lanes, buffer plus enzyme plus 20 mM 
2,3 dehydro-2-desoxy-N-acetylneuraminic acid (Bohreinger Mann- 
heim  Diagnostics,  Inc., Houston,  TX). The reaction was termi- 
nated by boiling in SDS-denaturing solution and the samples were 
applied to SDS-10% polyacrylamide  gels. 
was 30 ng/ml: in most experiments it was used at 300 ng/ml. 
42-kD ARIA Is a Stable Glycoprotein. We routinely mea- 
sured the rate of AChR incorporation after the ceils were ex- 
posed to test fractions for 24 h. To determine if activity was 
lost during this 24-h period in contact with intact myotubes, 
medium with and without ARIA (HFBA pool) was removed 
from one set of microcultures after 24 h  and transferred to 
another  set.  The  rate  of insertion  of receptors  measured 
24 h  later in cultures exposed to transferred ARIA was as 
high as that in cultures exposed to fresh HFBA/ARIA added 
and assayed at the same times and greater than control cul- 
tures  receiving  only  conditioned  medium  (transferred  = 
2,231  cpm 5: 469; fresh =  2,578 cpm +  307; control =  1,026 
cpm  5:  268:  mean  5:  SE, n  =  4). 
Activity was not destroyed after extraction in strong acid, 
chromatography in organic solvents, and storage for several 
months at -20 °  . This unusual stability may be conferred by 
the presence of disulfide bonds or by glycosylation. In fact, 
partially purified ARIA (C4 pool)  was destroyed after se- 
quential reduction with DTT and carboxymethylation with 
4. All samples  were dissolved in 25 mM Na phosphate (pH 7.0) plus 6 M 
guanidine HCI and incubated at 37°C. Some  samples  were  reduced with 20 
mM DTT for 30 min and alkylated by exposure  to 30 mM iodoacetic  acid 
for 30 min. 
iodoacetic acid in the presence of guanidine HC1 (control = 
1,245  cpm +  76; C4 pool =  3,080 cpm +  68; reduced and 
carboxymethylated C4  pool  =  1,513 cpm  +  171).  4 Treat- 
ment of the  uSI-labeled 42-kD polypeptide in the C~8 frac- 
tion 23 with neuraminidase caused a shift in its mobility on 
SDS PAGE (Fig. 9 A). This shift was blocked by the sialic 
acid  analogue  2,3  dehydro-2-desoxy-N-acetylneuraminic 
acid (Meindl and Tuppy,  1969),  so it is unlikely to be due 
to a contaminating protease. A comparable shift in the 42-kD 
band was observed when radioiodinated HFBA pool material 
was digested with neuraminidase (Fig. 9 B). That the migra- 
tion of no other band in this pool was altered provides further 
evidence  against nonspecific proteolysis.  Digestion of the 
ARIA with endoglycosidase F  (Elder and Alexander,  1982) 
caused a similar shift in mobility. In two experiments neur- 
aminidase-digested  HFBA-pool  ARIA  was  not  decreased 
when  tested  at  maximal  and  submaximal concentrations. 
The ARIA was completely destroyed after incubation with 
trypsin. 
42-kD ARIA Does Not Affect Total Protein Synthesis. 
In the experiment illustrated in Fig. 10, HFBA pool material 
was added to cells for 48 h, and the total number of [mI]a- 
BTX  binding  sites  and  the  amount  of [3H]leucine  incor- 
porated into TCA-precipitable material were then assayed. 
There was a dose-dependent increase in the number of sur- 
face AChRs that reached 1.6-fold at 150 ng/ml, but there was 
no significant increase in [3H]leucine incorporation even at 
the highest ARIA concentration.  Because the t~ for degra- 
dation is  '~24 h  under our culture conditions,  most of the 
AChRs exposed on the cell surface were synthesized during 
the 48-h incubation with the HFBA pool. 
The experiment summarized in Table II shows that crude 
saline brain extract did produce a significant effect on the rate 
of protein synthesis and on the accumulation of total protein. 
Material  that  promotes  overall protein  synthesis  was  lost 
early in the purification. After the second chromatographic 
procedure (C4 pool), ARIA was purified ,~500-fold relative 
to saline extract, and no effect on [3H]leucine incorporation 
could  be  detected  at  concentrations  that  significantly  in- 
creased the rate of insertion and the total number of AChRs. 
42-kD ARIA Acts on Inactive Myotubes.  Electrical ac- 
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Figure 10. 42-kD ARIA does not increase protein synthesis. Serial 
dilutions of the HFBA pool were added to 7-d-old cultures along 
with [3H]leucine (1 I~Ci/ml). After 48 h the amount of [3H]leucine 
incorporated into material precipitated by cold TCA (15 %) was de- 
termined,  The total number of surface AChRs was measured with 
[125I]a-BTX in sister cultures  at the same time. 
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['~I]¢t-BTX binding  [3H]Leucine  Incorporation 
Rate*  Total*  Rate§  Totallt 
Control  172  +  22  1,278  5-  134  4,329  5-  513  9,050  +  809 
Saline extract  473  5- 60  2,136  +  112  7,054+  419  15,446  5- 956 
(3.3  mg/ml) 
C4 pool  419  +  56  1,894  5-  121  4,651  5- 413  9,085  5- 690 
(5  I~g/ml) 
All entries are mean cpm 5:  SE; n  =  4. 
* [~25I]¢t-BTX binding 4 h after block with cold ¢t-BTX. 
$ [t25I]ct-BTX binding without preceding cold toxin block. 
§ [3H]Leucine  incorporation during final 2 h of incubation (5 liCi/ml added). 
II [3H]Leucine  incorporation during 24-h incubation (1  gCi/ml added). 
Table IlL Steady-state and Newly Synthesized Acetylcholinesterase Activity after 48 h of lncubation with 
Brain Extract or HFBA-pool 
Cellular*  Surface$  Secreted§ 
Total  Ratell  Total  Rate¶  Total  Rate** 
per 3 h 
Control  383  5- 27  166  +  40  121  5-  6.7 
Saline extract (3.3  mg/ml)  467  +  21$$  219  5-  15$$  116  +  11 
HFBA-Pool  (300  ng/ml)  371  5-  27  160  5-  19  123  5-  21 
per I1 h  per 11 h 
63.4  +  4.7  2,106  5-  136  412  5- 48 
68  5-  12  2,140  5- 212  596  5- 40** 
63  5-  11  1,804  5-  38  360  5- 76 
Entries =  mean cpm hydrolyzed/min  5:  SE;  n  =  4. 
* Measured with 0.5% Triton X-100 present. 
* Measured without detergent. 
§ Measured in medium removed from cells. 
II 3 h after block with DFP. 
¶ l 1 h after block with echothiophate. 
** 11 h after addition of fresh medium. 
** Significantly  (P <  0.05) different from control. 
tivity is an important determinant of AChR number in chick 
myotube cultures (Cohen and Fischbach, 1973) as it is in vivo 
(Lomo and Rosenthal,  1972; Linden and Fambrough,  1979; 
Hall and Reiness;  1977).  Tetrodotoxin (TTX), which para- 
lyzes muscle by blocking Na-dependent action potentials, 
produced an increase in the rate of AChR incorporation of 
the same order as that produced by the ARIA. However, the 
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Figure 11. The effect of HFBA pool ARIA and of TTX on AChR 
incorporation  rate  are  additive.  The indicated  concentrations  of 
TTX were added to myotube cultures in the absence (open circles) 
or presence  (closed circles)  of one concentration  of HFBA pool 
(300 ng/ml). The rate of AChR incorporation  was estimated 24 h 
later. Squares to the left indicate wells that received no TTX. 
effect of HFBA pool ARIA and TTX were additive,  even 
when TTX was added at saturating conditions (Fig. 11). This 
suggests that the effect of ARIA is not mediated by muscle 
paralysis. 
42-kD ARIA Does Not Affect AChE Activity. We found 
no effect of HFBA pool ARIA on intracellular, surface mem- 
brane,  or secreted AChE after incubations for 24 or 48 h. 
One  experiment is  summaxized in  Table ~I.  The relative 
amounts  of AChE  in  the three pools were comparable to 
values reported by Rotondo and Fambrough (1980a,b).  Sa- 
line brain extract increased cellular AChE by ,~20% but did 
not affect the amount of surface or secreted activity. Small 
increases in intracellular AChE were observed in two other 
experiments. 
If the pools of AChE are relatively large and their rates of 
turnover are low  (cf.  Rotondo and Fambrough,  1980b),  a 
significant increase in the rate of enzyme synthesis or ap- 
pearance on the cell surface might have been missed. There- 
fore, we estimated the rate of AChE synthesis by measuring 
the reappearance of activity 3 h after blocking all active sites 
with diisoproprylfluorophosphate. The rate of AChE appear- 
ance on the  cell  surface was  estimated by measuring  the 
surface activity 11 h after exposed sites were blocked with 
echothiophate, a nonpermeable organophosphate. No effect 
of the HFBA pool was evident on the rate of AChE synthesis, 
incorporation, or secretion (Table HI). Brain extract did in- 
crease the rate of synthesis and secretion of the enzyme, but 
it produced no change in the rate of appearance of active sites 
on the extracellular surface. 
Usdin and Fischbach Acetylcholine  Receptors  in  Chick Myotubes  501 Figure 12. Clusters of AChRs labeled with rhodamine-a-BTX  in untreated myotubes grown in the presence (a and b) or absence (c and 
d) of fibroblasts. Note that the clusters range in size from 0.5-2-1xm speckles to large patches ,',d0 ~tm across, a and c, phase-contrast; 
b and d, fluorescence illumination;  N2 barrier filter. Bar, 50 ~tm. 
42-kD ARIA Promotes the Formation of  AChR Clusters. 
In this series of experiments the cells were plated on polysty- 
rene coverslips, and some cultures were treated with cytosine 
arabinoside  to  reduce  the  number  of  fibroblasts.  When 
receptors  were  labeled  with  rhodamine-derived  ~t-BTX, 
bright patches of fluorescence revealed the position of AChR 
clusters (Fig.  12). Patches were present on the top, bottom, 
and edges of striated and unstriated myotubes, and they var- 
ied in size from small speckles that appeared to be 0.12-0.5 
txm in diameter to large aggregates 10-20 txm across. Some 
of the large patches appeared to be made up of many speckles 
packed closely together. We noted no obvious difference be- 
tween  myotubes  in  cytosine  arabinoside-treated  and  un- 
treated cultures in regard to the size or distribution of recep- 
tor clusters or the effect of ARIA (see below). 
To measure the area occupied by clustered receptors we 
analyzed digitized images of the Rtt-BTX-labeled myotubes. 
Myotubes were selected under phase-contrast illumination 
(Fig.  13,  top).  An  image of the  same field viewed under 
rhodamine-selective illumination was then digitized (Fig. 13, 
middle),  and  all pixels  above a  preset threshold  intensity 
were counted. The initial choice of the threshold was subjec- 
tive: a high value was selected to minimize the contribution 
of dim clusters and diffusely distributed receptors. The ade- 
quacy of the  threshold  in  selecting obvious clusters of all 
sizes  was  checked  by  displaying  pixels  above the  chosen 
value (Fig.  13, bottom). Once determined, the same thresh- 
old  was used for all myotubes within a  given experiment. 
This technique insures that contributions of both large and 
small "hotspots" are appropriately weighted and that exactly 
the  same criteria are used  for all myotubes within  an ex- 
periment. 
Data from an experiment in which myotubes were exposed 
to crude saline extract or HFBA pool material for 24 h  is 
shown in Table IV.  The HFBA pool caused a  threefold in- 
crease in the average area (number of pixels) occupied by 
Table IV. The Area of  AChR Clusters on Myotubes 
Treated with Saline Brain Extract or Purified 
A ChR-inducing Activity 
Experiment 1 
No.  fibers  Mean  cluster area* 
Control  50  15  +  2.1 
Saline extract  45  26  +  5.9 
(3.3  mg/ml) 
HFBA pool  58  43  _  7.2 
(300 ng/ml) 
Experiment 2 
Control  36  49  +  17.5 
Saline extract  24  246  +  76 
(3.3 mg/ml) 
C~s pool  59  130 +  39 
(10 ng/ml) 
Data are expressed as square  micrometers +  SE (1  pixel =  0.067  gm2). 
* Mean cluster area is the average area per fiber length (~200 p.m) occupied 
by AChR aggregates. 
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clusters. All photographs are of  digitized images displayed on a tele- 
vision  monitor.  The cells  were labeled  with  R-BTX,  fixed,  and 
mounted  in glycerol.  (Top) A myotube was selected under phase 
contrast illumination.  (Middle) The same field viewed with rhoda- 
mine-selective  fluorescence  optics.  The  histogram  displays  the 
fluorescence intensity of individual pixels included within the out- 
lined  area.  (Abscissa  =  intensity;  ordinate  =  log  number of 
clustered receptors. In this experiment, saline extract caused 
a twofold increase in hotspot area. To be sure that the 42-kD 
species is responsible for the increase in aggregate area, the 
effect of the  C~s pool was also evaluated.  The completely 
purified activity produced a nearly threefold increase in the 
area occupied by AChR aggregates (Table IV). 
In some experiments an effect on AChR cluster area was 
immediately evident and  could be documented by  simply 
counting the number of large clusters.  Here again, healthy 
myotubes were selected under phase-contrast illumination. 
Only those fluorescent patches >5 I~m across were counted. 
In one experiment including  111  myotube segments there 
was a twofold increase in the number of clusters per segment 
in  cultures  incubated  with  0.4  ng/ml  of  the  completely 
purified activity (control =  0.9  +  0.1, n  =  78 vs. treated = 
1.8  +  0.2,  n  =  33). 
Discussion 
We have purified a polypeptide of •42,000  D  that can in- 
crease the rate of insertion of AChR into the membrane of 
cultured chick myotubes two- to sixfold at a concentration on 
the order of 0.5 ng/ml. It is an extremely stable molecule that 
is not irreversibly denatured at pH 3, or by exposure to SDS, 
organic  solvents,  or  intact myotubes.  Because  it  migrates 
more  rapidly  in  polyacrylamide gels  after digestion  with 
neuraminidase, we assume that it is a sialic acid containing 
glycoprotein. Sialic acid residues are apparently not,  how- 
ever, necessary for biological activity. 
We recovered <0.5 ~tg in the final active fractions, so it is 
difficult to be certain that the  ARIA has been purified to 
homogeneity. The following arguments suggest that it has. 
Activity  was  associated  with  a  single,  nearly  symmetric, 
OD2~0  absorbance  peak  on  the  final  reverse-phase  Cls 
column. The peak was broad, but this is not unexpected for 
a  glycoprotein eluted  with  a  shallow  acetonitrile  gradient 
(0.28%/min).  More  significantly,  only  one  band  was  de- 
tected by autoradiography after SDS PAGE of the most active 
Cls fraction.  Activity was eluted from slices of other gels 
that correspond to this band so it undoubtedly contains an 
ARIA.  The band is centered at 42  kD, but it is relatively 
wide.  Whereas this is also consistent with the presence of 
carbohydrate residues, the possibility that the band contains 
more than one polypeptide must be considered.  However, 
that the entire band was shifted after digestion with neur- 
aminidase argues against the presence of more than one spe- 
cies.  It is unlikely that polypeptides of different molecular 
weight were present in the final C18 fraction, but were not 
detected by PAGE. If this were the case, either they cannot 
be iodinated on tyrosine or lysine residues or they represent 
<10%  of the 42-kD band.  The final C~8 pool produced  a 
clear effect at <1 ng/ml so it is difficult to imagine that ARIA 
is associated with minor contaminants at this stage. 
A  few comments about the purification protocol are war- 
ranted. The TFA-containing extraction cocktail was adopted 
with a small peptide in mind (see below), and in retrospect 
it may seem inappropriate for extraction of a 42-kD protein. 
However, the 42-kD ARIA is extremely stable at low pH and 
pixels.) Only those pixels above threshold (long vertical bar) were 
counted. (Bottom) A display of all selected (suprathreshold) pixels. 
Note that small (arrow) as well as large (arrowhead) clusters were 
included.  Bar, 15 ~m. 
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cation while 99%  of the protein was precipitated.  In this 
sense the acid cocktail was extremely useful. Dose-response 
curves indicate that TFA extracts contain ,030%  as much 
ARIA as saline extracts prepared from the same batch of fro- 
zen brains, so acid extraction is also relatively efficient. This 
comparison must be interpreted with some caution, however, 
because we do not know the efficiency of saline or acid ex- 
traction with regard to the 42-kD protein and we do not know 
if the 42-kD species accounts for all of the activity in either 
preparation. 
The overall recovery of 10% of the ARIA present in the 
starting acid extract is remarkable considering the number 
of steps involved. Recoveries from the CM-Sephadex, Vydac 
C4,  TSK-SP, and the first Vydac Cls columns were excel- 
lent. Together, they resulted in a 1,500-fold purification with 
an apparent loss of only 50% of the activity. Although we 
tested several columns and solvent systems on an empirical 
basis, the ones adopted have in fact been used by others con- 
cerned with maximizing the resolution and recovery of rela- 
tively large polypeptides (Hearn, 1982; Pearson et al., 1982; 
Regneir and Gooding, 1980; Regnier,  1983; Bennett et al., 
1981, 1982). On the other hand, the final two steps that pro- 
duced a further 40-fold increase in specific activity were less 
efficient: only 15 % of the activity applied to the TSK-3,000 
columns  was  recovered  after  subsequent  reverse-phase 
HPLC on C,s.  Preliminary results suggest that most of this 
loss occurred during the gel filtration step. This might be the 
inevitable cost of reducing the sample volume 6 ml to 0.2 ml 
or of chromatographing micrograms of protein on this type 
of support. 
The mechanism by which the 42-kD ARIA increases the 
rate of AChR insertion remains to be determined. It is rea- 
sonable to assume that the effect is due to an increased rate 
of receptor synthesis because insertion parallels synthesis in 
untreated myotubes (Devreotes and Fambrough,  1975; Dev- 
reotes et al., 1977). An intracellular pool of AChRs is present 
in embryonic chick myotubes, but it amounts to only 10% of 
the  number present on the  surface (Devreotes and  Fam- 
brough,  1975). The  ARIA-stimulated  rate  of  insertion 
reached a level of 7-10% of  the surface complement per hour, 
and this rate was sustained for at least 24 h, so an increased 
rate of insertion of preformed receptors can be ruled out. 
However, it is possible that ARIA affects AChR subunit as- 
sembly rather than, or in addition to, subunit synthesis. Re- 
cent studies  of transformed mouse muscle cells  (BC3H1) 
have shown that assembly of  the mature, 9S, AChR is a com- 
plex process associated with cotranslational and posttransla- 
tional modifications of the four component subunits (Merlie 
et al.,  1984). When the rate of proliferation of BC3H~ cells 
is slowed, the number of surface receptors increases  100- 
fold, but the level of translatable tl-subunlt mRNA increases 
only fourfold (Olsen et al.,  1983, 1984) suggesting that, in 
this case, the rate of assembly of receptor subunits as well 
as their rate of synthesis determines the appearance of recep- 
tors in the surface membrane. A disparity between synthetic 
capacity and the accumulation of mature receptors also oc- 
curs in primary cultures of inactive (TTX-treated) chick and 
rat myotubes (Klarsfeld and Changeux, 1985; Carlin, et al., 
1986). Although it is unlikely that ARIA and TTX act in the 
same way (see Fig. 6), the relative contribution of subunit 
synthesis and assembly must be explored. 
The 42-kD ARIA was purified on the basis of its ability 
to increase the rate of  AChR incorporation, but we found that 
it increased the size and number of receptor clusters as well. 
These effects may be related in that some clusters may repre- 
sent sites of  preferential receptor insertion. In addition, since 
diffusely distributed receptors can enter established clusters 
(Stya and Axelrod, 1983), a small increase in receptor num- 
ber might lead to a significant increase in cluster size. On the 
other band, the two effects might be independent. The 42-kD 
ARIA might increase the mobility of receptors or promote 
their "trapping: More data are needed to determine the pre- 
cise topography of receptor insertion and the rate of receptor 
migration in treated cells. 
Other polypeptides that increase the number and/or alter 
the distribution of AChRs in chick myotubes have been par- 
tially or completely purified. While none, including the 42- 
kD ARIA described here, have been characterized in great 
detail, a few comparisons can be made. Sciatin, an 84,000-D 
protein extracted from sciatic nerves, was purified on the 
basis  of its  ability to promote the proliferation of mono- 
nucleated muscle precursor cells and the survival of multi- 
nucleated myotubes (Markelonls and Oh, 1979; Markelonis 
et al., 1980a). When added to muscle cultures at the time of 
plating, it produces a large and sustained increase in protein 
synthesis (Markelonis et al.,  1980b).  As expected, sciatin 
does increase the number of AChRs, but after 4 d there was 
only a small increase in the specific activity of [usI]a-B'l'X 
binding sites and after 7 d there was none at all (Markelonls 
et al., 1982a). We did not detect an effect of the HFBA pool 
on  [3H]leucine  incorporation  at  concentrations  that  in- 
creased receptor insertion severalfold. Therefore, the mech- 
anism of sciatin's effect appears to be quite different from the 
selective, rapid effect of 42-kD ARIA.  Recent studies have 
shown that sciatin is the crucial myotrophic protein in chick 
embryo extract, and that it is virtually identical to transferrin 
(Ii et al., 1982; Markelonls et al.,  1982b).  Ovotransferrin is 
a component of our control medium (at 40 gg/ml), so the 
42-kD ARIA effect is superimposed on this general trophic 
support. 
A polypeptide extracted in high salt from basement mem- 
brane-enriched fractions of Torpedo electric organ promotes 
the aggregation of  chick myotube AChRs (Nitkin et al., 1983; 
Godfrey et al.,  1984). Monoclonal antibodies that block the 
effect of the partially purified Torpedo factor label an 80-kD 
band on nitrocellulose blots of SDS gels (Nitldn et al., 1983; 
Fallon et al., 1984). This polypeptide may be responsible for 
the remarkable ability of the persistent synaptic basal lamina 
to induce the accumulation of AChRs on regenerating mus- 
cle fibers (Burden et al.,  1979) because the same antibodies 
label mature Torpedo neuromuscular  junctions (Fallon et al., 
1984).  Although the time of appearance of basal lamina at 
developing synapses is uncertain, the Torpedo factor must be 
considered a  strong candidate for an ARIA at developing 
junctions. The Torpedo factor is larger than the chick brain 
ARIA, and it apparently does not increase the total number 
of receptors, but it is premature to conclude that they are en- 
tirely unrelated. 
Low molecular weight ARIAs have also been described. 
Earlier reports from this laboratory described the induction 
of AChRs by trypsin-sensitive molecules that were included 
on Biogel P-4 and P-2 and on Sephadex G-25 columns (Jes- 
sell et al.,  1979; Fischbach and Jessell,  1980; Buc-Caron et 
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experiments but our protocol is not identical to those used 
previously, and one or more of the changes might account 
for the apparent discrepancy. For example, small peptides 
might have been lost when the frozen brains were delipidated 
with  acetone.  In  addition,  if peptide  ARIAs  represented 
<25 % of the total activity, they might not have been detected 
at early stages because of the inhibition of AChR incorpora- 
tion observed at high concentrations of relatively impure ma- 
terial.  In  later steps,  only the most active fractions were 
pooled: discarded "side" fractions may have contained pep- 
tide ARIAs.  It is also possible that the active peptides ob- 
served previously were proteolytic fragments of the 42-kD 
ARIA. Four protease inhibitors were included in the current 
extraction cocktail whereas only two were used in the earlier 
studies. Finally, it is possible that the activity may have ap- 
peared small in the earlier work because it absorbed to the 
Biogel and Sephadex matrices employed even though the 
running buffers contained 10% acetic acid. 
Low molecular weight material increases the number of 
receptors on L5 rat myotubes and the responsible agent is ap- 
parently ascorbic acid (Knaak and Podleski, 1985).  It is ex- 
tremely unlikely that ascorbic acid contributed to the ARIA 
described here. This compound would probably not survive 
the extraction and purification protocol or remain active after 
prolonged storage without reducing agents. Moreover we did 
not detect an effect on the rate of receptor insertion when 
ascorbic acid was added to chick myotubes over a concentra- 
tion range from 1 ng/ml to 5 mg/ml. 
Factors extracted from rat brain (Podleski et al., 1978; Sal- 
peter et al.,  1982) and neuron-conditioned medium (Chris- 
tian et al.,  1978; Bauer et al.,  1981; Schaffner and Daniels, 
1982) increase the number of AChR aggregates on primary 
rat and mouse myotubes. These factors appear to be much 
larger than the ARIA described here but the data do not per- 
mit more detailed comparison. 
We do not mean to imply that the action of the 42-kD 
ARIA is limited to AChRs. Other proteins are concentrated 
at or restricted to the synaptic cleft (Sanes and Chiu, 1983), 
the postsynaptic membrane (Beam et al., 1985), or the subja- 
cent  myoplasm  (Froehner  et  al.,  1981; Bloch  and  Hall, 
1983).  It is attractive to think that the same neural factor 
regulates the synthesis or accumulation of several synapse- 
specific molecules. 
AChE is of particular interest because it accumulates at 
embryonic endplates in vivo and in vitro soon after AChRs, 
and it is  synthesized in embryonic myotubes at about the 
same rate as AChRs  (Rotondo and Fambrough,  1980a,b). 
Moreover, both molecules are transported to the cell surface 
in coated vesicles (Bursztajn and Fischbach,  1984; Benson 
et al.,  1985).  Although we found no effect of HFBA pool 
ARIA on AChE synthesis (reappearance of activity after di- 
isopropylfluorophosphate blockade), the conclusion that the 
42-kD ARIA has no effect on AChE is not warranted. The 
asymmetric, collagen-tailed form of AChE that is concen- 
trated at endplates in several species makes up only 1-2 % of 
the total AChE activity in chick muscle cultures. A signifi- 
cant effect of the 42-kD ARIA on the accumulation of this 
species would not have been detected. Finally, ARIA may be 
required but not sufficient in regard to ACHE. Crude saline 
brain extract does increase the synthesis and secretion of the 
enzyme (Table III; Jessell et al., 1979), and a crucial cofactor 
may have been lost during the purification. It may also be 
significant in this regard that the appearance of AChE  at 
newly formed  junctions in chick cultures is influenced by the 
level of activity of the innervated myotubes (Rubin et al., 
1980; Siegel, 1981). It will be important to determine if 42- 
kD ARIA adds to this effect. Finally, it is possible that ARIA 
promotes  the  aggregation  of AChE  in  the  absence  of a 
significant effect on the number of enzyme molecules. The 
80-kD, Torpedo ARIA does increase the number of AChE 
patches (Wallace et al.,  1985). 
In sum, we have completely  purified a polypeptide that can 
selectively stimulate the incorporation of nicotinic AChRs 
into chick myotube membranes and can promote the forma- 
tion of receptor clusters. Both phenomena occur during de 
novo  nerve-muscle  synapse  formation  in  chick  cultures 
(Role et al., 1985), but it remains to be shown that the 42-kD 
polypeptide is the necessary signal. This will undoubtedly 
require preparation of specific blocking antibodies, and/or 
partial amino acid sequence information. We estimate that 
,~400 ng  (10 pmol) of the 42,000  species were recovered 
from the final C18 column. Although this estimate is subject 
to some uncertainty, it is clear that accurate amino acid se- 
quence analysis will require more material. We must alter 
the extraction procedure, modify one or more of the chro- 
matography steps, or scale up the existing protocol. 
We have focused on the neuromuscular junction, but con- 
sidering that the polypeptide was  isolated from brain ex- 
tracts,  it is worth speculating that it might also affect the 
number or distribution of AChRs on neurons in the central 
and  peripheral  nervous  system.  It  might  modulate  other 
types of receptors as well. 
We are grateful to Ms. Nancy Lancaster for technical assistance in the bio- 
chemical procedures and to Ms. Rebecca Dill-Devor for maintaining the 
muscle cultures and the tissue culture facility.  Joseph Leykam offered valu- 
able suggestions concerning HPLC columns. 
This work was supported by grants to Gerald  D.  Fischbach from the 
United States Public Health Service  (NS  No.  18458)  and the Muscular 
Dystrophy Association.  Ted  Usdin was  supported  by  MSTP  grant No. 
5T32GMO7200. 
Received for publication 24 February 1986, and in revised form 17 April 
1986. 
References 
Anderson, M. J., and M. W. Cohen. 1977. Nerve-induced and spontaneous 
redistribution of acetylcholine receptors on cultured muscle cells. J.  Physiol. 
(Lond.).  268:757-773. 
Augustinnsson, K. B. 1963. Classification and comparative enzymology of 
the cholinesterases, and methods for their determination. In Cholinesterases  and 
Anticholinesterase Agents. G. B.  Koelle, editor.  Springer-Verlag, GmbH & 
Co., Heidelberg, Berlin.  89-128. 
Bauer, H. C., M. P. Daniels, P. A. Pudimat, L. Jacques, H. Sugiyama, and 
C. N. Christian. 1981. Characterization and partial  purification of a neuronal 
factor which increases acetylcholine receptor aggregation on cultured muscle 
cells. Brain Res.  709:395-404. 
Beam, K. G., J. H. Caldwell, and D. T. Campbell. 1985.  Na channels in 
skeletal muscle concentrated near the neuromuscular  junction. Nature  (Lond.). 
313:588-590. 
Bennett, H. P. J., A. M. Hudson, L. Kelley, C. McMartin, and G. E. Pur- 
don.  1978.  A rapid method, using octadecasyilyl-silica, for the extraction of 
certain peptides from tissues. Biochem.  J.  175:1139-1141. 
Bennett, H. P. J., C. A. Browne, and S. Solomon. 1982.  Characterization 
of eight forms of corticotropin-like  intermediary lobe peptide from the rat inter- 
mediary pituitary. J.  Biol.  Chem. 257:10096-10102. 
Bennett, H. P. J., C. A. Browne, and S. Solomon. 1981. Purification  oftbe 
two major forms of rat pituitary corticotropin using only reversed-phase liquid 
chromatography. Biochemistry.  20:45304538. 
Benson, R. J. J., K. Porter-Jordan, P. Bnoniconti, and R. E. Fine.  1985. 
Biochemical and cytocbemical evidence indicates that coated vesicles in chick 
Usdin and Fischbach Acetylcholine  Receptors in Chick Myotubes  505 embryo myotubes contain newly synthesized acetylcholinesterase. J. Cell Biol. 
101:1930-1940. 
Bloch, R. S., and Z. W. Hall.  1983. Cytoskeletal components of the ver- 
tebrate neuromuscular junction:  vinculin, ~t-actinin, and filamin. J.  Cell Biol. 
97:217-223. 
Bolton, A. E., and W. M. Hunter.  1973. The labeling of proteins to high 
specific radioactivities by conjugation to a ~25I-containing acylating agent. Bio- 
chem. J.  133:529-539. 
Brockman, S. K., R. J. Przybylski, and S. G. Younkin. 1982. Cellular local- 
ization of the molecular forms of acetylcbolinesterase in cultures of embryonic 
rat myotubes. J. Neurosci.  2:1775-1785. 
Brown,  P.  R., and A.  M. Krstulovic.  1982. Reversed-phase high perfor- 
mance  chromatography:  theory,  practice  and  biomedical  applications.  John 
Wiley & Sons, Inc., New York.  1-289. 
Buc-Caron, M.-H., P. Nystrom,  and G. D. Fischbach.  1983. Induction of 
acetylcholine receptor  synthesis and aggregation:  partial purification of low- 
molecular-weight activity.  Dev. Biol. 95:378-386. 
Burden,  S. J.,  P.  B.  Sargent,  and  U. J.  McMahan.  1979. Acetylcholine 
receptors in regenerating muscle accumulate at original synaptic sites in the ab- 
sence of the nerve. J.  Cell Biol.  82:412--425. 
Bursztajn,  S., and G.  D.  Fischbach.  1984. Evidence that coated vesicles 
transport acetylcholine receptors to the surface membrane of chick myotubes. 
J.  Cell Biol. 98:498-506. 
Carlin,  B. E., J. C.  Lawrence,  J.  M. Lindstrom,  and J.  P.  Merlie.  1986. 
Inhibition of acetylcholine receptor assembly by activity in primary cultures of 
embryonic rat muscle cells. J.  Biol.  Chem. 261:5180-5186. 
Christian,  C. N., M. P. Daniels, H. Sugiyama, Z. Vogel, L. Jacques, and 
P. G. Nelson.  1978. A factor from neurons increases the number of acetylcho- 
line receptor aggregates on cultured muscle cells. Proc. Natl. Acad. Sci. USA. 
75:4011-4915. 
Cohen, M. W,  1972. The development of neuromuscular connexions in the 
presence of D-tubocurarine. Brain Res.  41:457-463. 
Cohen, M. W. 1980. Development of an amphibian neuromuscular junction 
in vivo and in culture. J.  Exp. Biol. 89:43-56. 
Cohen,  M.  W.,  and  P.  R.  Weldon.  1980. Localization  of acetylcholine 
receptors and synaptic ultrastructure at nerve-muscle contacts in culture: depen- 
dence on nerve type. J.  Cell Biol. 86:388-401. 
Cohen, S. A., and G. D. Fischbach.  1973. Regulation of muscle acetylcho- 
line sensitivity by muscle activity in cell cultures.  Science  (Wash. DC).  181: 
76-78. 
Cohen, S. A., and G. D. Fischbach.  1977. Clusters of acetylcholine recep- 
tors located at identified nerve-muscle synapses in vitro. Dev. Biol. 59:24-38. 
Devreotes, P. N., and D. M. Fambrough.  1975. Acetylcholine receptor turn- 
over in membranes of developing muscle fibers. J.  Cell Biol. 65:335-358. 
Devreotes,  P.  N., J.  M. Gardner,  and D. M. Fambrough.  1977. Kinetics 
of biosynthesis  of acetylcholine  receptor  and  subsequent  incorporation  into 
plasma membrane of cultured chick skeletal muscle.  Cell. 10:365-373. 
Elder, J. H., and S. Alexander.  1982. Endo-beta-N-Acetylglucosaminidase 
F:  endoglycosidase  from flavobacterium meningosepticum  that cleaves both 
high-mannose and complex glycoproteins.  Proc.  Natl. Acad.  Sci. USA. 79: 
4540-4544. 
FaUon, J. R., R.  M.  Nitkin,  B. G. Wallace,  and U. J.  McMahan.  1984. 
AChR-aggregating  extracts  of extracellular  matrix-rich  fractions  of torpedo 
electric organ generate antisera that bind specifically at the neuromuscular junc- 
tion.  Soc. Neurosci. Abstr,  10:925. 
Fambrough, D. M. 1979. Control of acetylcholine receptors in skeletal mus- 
cle.  Physiol.  Rev. 59:165-227. 
Fischbach, G. D., and T. M. Jessell.  1980. Induction of ACh receptors and 
receptor clusters in embryonic myotubes. In Ontogenesis and Functional Mech- 
anisms of Peripheral  Synapses. J.  Taxi,  editor.  Elsevier  Science Publishing 
Co., Inc., New York.  301-311. 
Fischbach, G. D., E. Frank, T. M. Jessell, L. L. Rubin, andS. M. Schuetze. 
1979.  Accumulation  of acetylcholine  receptors  and  acetylcholinesterase  at 
newly formed nerve-muscle synapses.  Pharmacol. Rev.  30:411-428. 
Froehner,  S.  C.,  V.  Gulbrandsen,  C.  Hyman,  A.  Jeng,  R.  Neubig,  and 
J.  B.  Cohen.  1981. Immunofluorescence localization at the mammalian neu- 
romuscular junction  of the Mr 43,000 protein of Torpedo postsynaptic mem- 
brane.  Proc.  Natl. Acad. Sci. USA. 78:5230-5234. 
Godfrey,  E.  W.,  R.  M.  Nitidn,  B.  G.  Wallace,  L.  L.  Rubin,  and  U.  J. 
McMahan. 1984. Components of Torpedo electric organ and muscle that cause 
aggregation of acetylcholine receptors on cultured muscle cells. J.  Cell Biol. 
99:615-627. 
Hall, Z. W., and C. G. Reiness.  1977. Electrical stimulation of denervated 
muscles reduces  incorporation  of methionine into the ACh receptor.  Nature 
(Lond.). 268:655-657. 
Hunter,  W.  M.,  and F.  C.  Greenwood.  1962. Preparation  of iodine-131 
labelled  human  growth  hormone  of high  specific activity.  Nature  (Lond.). 
19:495-496. 
Ii, I., I. Kimura, and E. Ozawa. 1982. A myotrophic protein from chick em- 
bryo extract:  its purification,  identity to transferrin,  and indispensability for 
avian myogenesis. Dev.  Biol. 94:366-377. 
Jessell, T. M., R. E. Siegel, and G. D. Fischbach. 1979. Induction of acetyl- 
choline receptors on cultured skeletal muscle by a factor extracted from brain 
and spinal cord.  Proc. Natl. Acad.  Sci. USA. 76:5397-5401. 
Johnson, C. D., and R. L. Russell.  1975. A rapid, simple radiometric assay 
for cholinesterase,  suitable for multiple determinations.  Anal.  Biochem.  64: 
229-238. 
Klarsfeld, A., and J.-P. Changeux. 1985. Activity regulates the levels of ace- 
tylcholine receptor a-subunit mRNA in cultured chicken myotubes. Proc. Natl. 
Acad.  Sci. USA. 82:4558--4562. 
Knaack, D., and T.  Podleski.  1985. Ascorbic acid mediates acetylcholine 
receptor increase induced by brain extract on myogenic ceils. Proc. Natl. Acad. 
Sci.  USA. 82:575-579. 
Kuromi, H., B. Brass, and Y. Kidokoro.  1985. Formation of acetylcholine 
receptor clusters at neuromuscular junctions  in Xenopus cultures.  Dev. Biol. 
109:165-176. 
Laemmli, U. K.  1970. Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4. Nature  (Lond.).  227:680-685. 
Linden, D. C., and D. M. Fambrough.  1979. Biosynthesis and degradation 
of acetylcholine receptors in rat skeletal muscles. Effects of electrical stimula- 
tion. Neuroscience.  4:527-538. 
Lomo, T., and J. Rosenthal.  1972. Control of ACh sensitivity by muscle ac- 
tivity in the rat. J.  Physiol.  (Lond.). 221:493-513. 
Markelonis,  G., and T. H. Oh.  1979. A sciatic nerve protein has atrophic 
effect on development and maintenance of skeletal muscle cells in culture. Proc. 
Natl. Acad.  Sci. USA. 76:2470-2474. 
Markelonis, G. J., V. F. Kemerer, and T. H. Oh.  1980a. Sciatin: purifica- 
tion and characterization of a myotrnphic protein from chicken sciatic nerves. 
J.  Biol. Chem. 255:8967-8970. 
Markelonis,  G. J., T.  H. Oh, and D. Derr.  1980b. Stimulation of protein 
synthesis in cultured skeletal muscle by atrophic protein from sciatic nerves. 
Exp.  Neurol.  70:598-612. 
Markelonis, G. J., T. H. Oh, M. E. Eldefrawi, and L. Guth.  1982a. Sciatin: 
a myotrophic protein increases the number of  acetylcboline receptors and recep- 
tor clusters in cultured  skeletal muscle. Dev.  Biol. 89:353-361. 
Markelonis,  G. J., R. A.  Bradshaw,  T.  H. Oh, J.  L. Johnson,  and O. J. 
Bates.  1982b. Sciatin  is  a  transferrin-like  polypeptide.  J.  Neurochem.  39: 
315-320. 
Meindl,  V.  P.,  and  H.  Tuppy.  1969. Kompetitive bemmung  der  vibrio- 
cholerae-neuraminidase  durch  2-desoxy-2.3-dehyro-N-acyl-neuraminsauren. 
H.  Sey. Zeitschrift fur Physiol.  Chem. 350:1088-1092. 
Merlie, J. P., K. Isenberg,  B. Carlin,  and E. N. Olsen.  1984. Regulation 
of synthesis of acetylcholine receptors.  Trends Pharmacol.  Sci. 5:377-379. 
Nitkin,  R.  M.,  B.  G.  Wallace,  M.  E.  Spira,  E.  W.  Godfrey,  and U.  J. 
McMahan. 1983. Molecular components of  the synaptic basal lamina that direct 
differentiation of regenerating  neuromuscular junctions.  Cold Spring Harbor 
Syrup. Quant. Biol. 48:653-665. 
Nelson, P., C. Christian,  and M. Nirenberg.  1976. Synapse formation be- 
tween clonal neuroblastoma X glioma hybrid cells and striated muscle cells. 
Proc.  Natl. Acad.  Sci. USA. 73:123-127. 
Nurse,  C., and P.  O'Lague.  1975. Formation of cholinergic  synapses be- 
tween dissociated sympathetic neurons and skeletal myotubes of rat in cell cul- 
ture.  Proc. Natl. Acad. Sci. USA. 72:1955-1959. 
Oh, T. H., and G. J. Markelonis.  1982. Chicken serum transferrin duplicates 
the myotrophic effects of sciatin on cultured  muscle cells. J.  Neurosci.  Res. 
8:535-545. 
Olson, E. N., L. Glaser, J. P. Merlie, R. Sebanne, and J. Lindstrom.  1983. 
Regulation of surface expression of acetylcholine receptors in response to serum 
and  cell  growth  in  the  BC3H1 muscle  cell line.  J.  Biol.  Chem. 258: 
13946-13953. 
Olson, E. N., L. Glaser, J. P. Merlie, and J. Lindstrom.  1984. Expression 
of acetylchnline  receptor  alpha-subunit  mRNA  during  differentiation  of the 
BC3H1 muscle cell line. J.  Biol. Chem. 259:3330-3336. 
Pearson, J. D., N. T. Lin, and F. E. Regnier.  1982. The importance of silica 
type for reverse-phase protein  separations. Anal. Biochem.  124:217-230. 
Peterson, G. L.  1977. Simplification of the protein assay method of Lowry 
et al. which is more generally applicable. Anal.  Biochem.  83:346-356. 
Podleski, T. R., D. Axelrod, P. Ravdin, I. Greenherg, M. M. Johnson, and 
M.  M.  Salpeter.  1978. Nerve  extract  induces  increase and  redistribution  of 
acetylcholine receptors on cloned muscle cells.  Proc. Natl. Acad. Sci. USA. 
75:2035-2039. 
Ravdin, P., and D. Axelrod.  1977. Fluorescent tetramethyl rhodamine de- 
rivatives of bungarotoxin: preparation,  separation, and characterization.  Anal. 
Biochem.  80:585-592. 
Regnier, F. E. 1983. High-performance liquid chromatography of proteins. 
Methods Enzymol.  91:137-190. 
Regnier, F. E., and K. M. Gooding.  1980. Review: High-performance liq- 
uid chromatography  of proteins.  Anal. Biochem.  103:1-25. 
Role, L. W., V. R. Matossian, R. J. O'Brien, and G. D. Fischbach.  1985. 
On the mechanism of ACh receptor accumulation at newly formed synapses on 
chick myotubes. J.  Neurosci.  5:2197-2204. 
Rotundo, R. L., and D. M. Fambrough.  1980a. Synthesis, transport and fate 
of acetylcholinesterase  in  cultured  chick  embryo  muscle  ceils.  Cell. 22: 
583-594. 
Rotundo,  R.  L.,  and  D.  M.  Fambrough.  1980b. Secretion  of acetyl- 
cholinesterase:  relation  to  acetylcholine  receptor  metabolism.  Cell. 22: 
595-602. 
Rubin,  L.  L., S.  M.  Schuetze, C.  L. Weill,  and G.  D.  Fischbach.  1980. 
Regulation of acetylcholinesterase at neuromuscular junctions in vitro. Nature 
(Lond.). 283:264-267. 
The Journal of Cell Biology, Volume 103, 1986  506 Salacinski,  R.  P.,  C.  McLean, J.  E.  Sykes,  V.  V.  Clement4ones, and 
P. J. Lowry.  1981.  lodination of proteins, glycoproteins, and peptides using 
a solid-phase oxidizing agent, 1,3,4,6-tetrachloro-3alpha-6alpha-diphenyl gly- 
coluril (lodogen). Anal. Biochem. 117:136-146. 
Salpeter, M. M., K. Holley, K. Neugebauer, and T. R. Podleski. 1982. Two 
factors, differing in molecular weight, influence the acetylcholine receptor on 
muscle cells in vitro. J.  Cell Biol.  95(2, Pt.2):365a.  (Abstr.) 
Sanes, J. R., and A. Y. Chiu. 1983. The basal lamina of the neuromuscular 
junction. Cold Spring Harbor Syrup. Quant. Biol. 48:667-678. 
Schaffner, A. E., and M. P. Danieis. 1982. Conditioned medium from cul- 
tures of embryonic neurons contains a high molecular weight factor which in- 
duces acetylcholine receptor aggregation on cultured myotubes. J.  Neurosci. 
2:623-632. 
Schubert, D., S. Heinemann, and Y. Kidokoro. 1977. Cholinergic metabo- 
lism and synapse formation by a rat nerve cell line. Proc. Natl. Acad. Sci. USA. 
74:2579-2583. 
Siegel,  R. 1981. Regulation of muscarinic and nicotinic acetylcholine recep- 
tors by neuronal extract. Ph.D. Thesis. Harvard University. 205 pp. 
Steinbaeh, J.  H.,  and R.  Bloch.  1986.  The distribution of acetylcholine 
receptors on vertebrate skeletal muscle cells. In Receptors in Biological Sys- 
tems. R. M. Gorczynski and G. B. Price, editors. AcaderrSc Press, ~c., NY. 
Stya, M., and D. Axelrod. 1983.  Diffusely distributed acetylcholine recep- 
tors can participate in cluster formation on cultured rat myotubes. Proc. Natl. 
Acad.  Sci. USA. 80:449--453. 
Vogel, Z., A. J.  Sytkowski, and M. W. Nirenberg.  1972.  Acetylcholine 
receptors of muscle grown in vitro. Proc. Natl. Acad. Sci. USA. 69:3180-3184. 
Wallace, B. G., R. M. Nitkin, N. E. Reist, J. R. Falion, N. N. Maayeri, 
and U. J. McMahan. 1985. Aggregates of acetylcholinesterase induced by ace- 
tylcholine receptor-aggregating factor.  Nature  (Lond.). 315:574-577. 
Ziskind-Conhaim, L., I. Geffen, and Z. W. Hall.  1984.  Redistribution of 
acetylcholine receptors on developing rat myotubes. J. Neurosci. 4:2346-2349. 
Usdin and Fischbach Acetylchotine Receptors in Chick Myotubes  507 